Most varieties of persimmon (Diospyros kaki Thunb.) are gynoecious, while just a few are either monoecious, androgynomonoecious, or androecious. Persimmon flowers initially contain the original androecium and gynoecium followed by arrest of either pistil or stamen primordia before maturity. Abortion of inappropriate primordium in persimmon may be related to programmed cell death (PCD). To test this hypothesis, hematoxylin and eosin (H&E) staining, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay, cyt-c immunohistochemistry (IHC) assay, transmission electron microscopy (TEM) observation, and real-time quantitative polymerase chain reaction (RT-qPCR) were used to clarify the occurrence and molecular regulatory mechanism of PCD in male and female floral buds during the 14 days prior to the second crucial morphological stage when inappropriate sexual primordia were arrested to form unisexual flowers. Accordingly, dead cells in inappropriate sex organs were largely accumulated during the microsporocyte and macrosporocyte period of male and female floral buds, respectively. This may explain the abortion of inappropriate sex organs, leading to unisexual flowers. PCD is necessary for normal growth and development in persimmons, as dead cells could also be observed in the normal flower organs. High levels of a gene homologous to AMC9 may have accelerated the arrest of the pistil primordium during differentiation, leading to male unisexual flowers, and high levels of genes homologous to MeGI, BAG5, AifA, and HSP70 in female floral buds were positively correlated with the arrest of stamen primordium. Future studies may try to transform unisexual flowers into hermaphroditic flowers by the regulation of PCD artificially, which will be helpful to the controlled pollination experiments.
Introduction
Persimmon (Diospyros kaki Thunb.) is one of the most important temperate fruit species in China and has been widely cultivated for more than 2000 years [1] . The quality of low-input-demanding and cold-resistant persimmon have received worldwide attention in recent years. Nevertheless, despite recent improvements, many difficulties remain to be resolved, such as the lower rate of cultivation of improved cultivars and the limited popularity of the fruits among consumers due to their astringency; thus, the large number of persimmon trees growing in China is an under-utilized resource [2] . Most persimmon cultivars are gynoecious, and just a few are monoecious or androgynomonoecious (such as 'Zenjimaru'). The rare androecious type is occasionally found in wild persimmon (D. kaki) populations [3, 4] . Female (pistillate) flowers are usually solitary and male (staminate) flowers are organized in a three-flower cyme. The lack of male flowers strongly restricts controlled pollination of persimmon, which can be used to potentially produce new cultivars with better economic traits. Thus, research on sex differentiation of persimmon (D. kaki) to help control the sex type of flowers artificially has generated interest from the basic science community and economic stakeholders.
In D. lotus, the gender phenotype is decided by a pair of paralogous genes called OGI and MeGI. OGI, one Y-specific sex determinant gene, encodes a small RNA targeting the feminizing gene MeGI, which is located on the autosome. In hexaploid persimmon, the OGI is silenced by the presence of an insertion in the OGI promoter, and the DNA methylation level of the MeGI promoter determines the development of male or female flowers [5] . Nevertheless, the process of unisexual flower formation and the details of the regulatory mechanisms of persimmon sex differentiation requires further investigation. Our previous study divided the developmental processes of male and female persimmon flowers into 11 stages ranging from June (floral ontogeny) to May of the following year (blooming) (Figures 1 and 2; Table 1 ) [2, 6] . Among which, the first crucial morphological stage for sex differentiation of persimmon was at stage 2 (mid-June) when the male flower formed a three-flower cyme primordium, while only the terminal floral primordium developed in the female floral bud, and the second crucial stage occurred at stage 8 (mid-April) when the stamen primordium in the female floral bud, and the pistil primordium in the male floral bud were arrested, which leads to the formation of unisexual flowers [6] . We presume that abortion of the inappropriate primordia may be related to programmed cell death (PCD) based on the findings of [6] . PCD, which is part of the normal life of a multicellular organism, is an active and orderly death process that can occur at various stages during development. Over the last two decades, much attention has been focused on PCD in animals and many discoveries have been made [7, 8] . Meanwhile, cell proliferation, differentiation, and death occur continuously during plant growth and development, and many cells perform specific functions during different periods and in different environments. For instance, degeneration of the megaspore and microspore [9] , death of the anther tapetum layer [10] , and age-induced organ senescence [11] are developmental processes found in plants. Moreover, various abiotic stressors, such as heat, drought, or salt stress, can cause PCD, leading to a series of physiological and biomolecular changes or a defense response [12, 13] . PCD in animals and plants redistributes nutrients [14] , induces organogenesis [15] , and is deemed to have a protective role [16] . In addition, PCD is an indispensable part of normal development of plants, particularly during sexual differentiation [17, 18] , which has been linked to kiwifruit pollen fertility before using a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) PCD, which is part of the normal life of a multicellular organism, is an active and orderly death process that can occur at various stages during development. Over the last two decades, much attention has been focused on PCD in animals and many discoveries have been made [7, 8] . Meanwhile, cell proliferation, differentiation, and death occur continuously during plant growth and development, and many cells perform specific functions during different periods and in different environments. For instance, degeneration of the megaspore and microspore [9] , death of the anther tapetum layer [10] , and age-induced organ senescence [11] are developmental processes found in plants. Moreover, various abiotic stressors, such as heat, drought, or salt stress, can cause PCD, leading to a series of physiological and biomolecular changes or a defense response [12, 13] . PCD in animals and plants redistributes nutrients [14] , induces organogenesis [15] , and is deemed to have a protective role [16] . In addition, PCD is an indispensable part of normal development of plants, particularly during sexual differentiation [17, 18] , which has been linked to kiwifruit pollen fertility before using a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) Agronomy 2020, 10, 234
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PCD, which is part of the normal life of a multicellular organism, is an active and orderly death process that can occur at various stages during development. Over the last two decades, much attention has been focused on PCD in animals and many discoveries have been made [7, 8] . Meanwhile, cell proliferation, differentiation, and death occur continuously during plant growth and development, and many cells perform specific functions during different periods and in different environments. For instance, degeneration of the megaspore and microspore [9] , death of the anther tapetum layer [10] , and age-induced organ senescence [11] are developmental processes found in plants. Moreover, various abiotic stressors, such as heat, drought, or salt stress, can cause PCD, leading to a series of physiological and biomolecular changes or a defense response [12, 13] . PCD in animals and plants redistributes nutrients [14] , induces organogenesis [15] , and is deemed to have a protective role [16] . In addition, PCD is an indispensable part of normal development of plants, particularly during sexual differentiation [17, 18] , which has been linked to kiwifruit pollen fertility before using a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay [19] . Most unisexual flowers initially contain the original androecium and gynoecium followed by arrest of either the pistil or stamen primordia before maturity [20] . However, no study has documented the relationship between PCD and sex differentiation in persimmon.
We hypothesized that PCD would be closely associated with the arrest of inappropriate organs during sex differentiation. To test this hypothesis, hematoxylin and eosin (H&E) staining, TUNEL assay, immunohistochemistry (IHC) assay, and transmission electron microscopy (TEM) observation were used to uncover the occurrence of PCD in male and female floral buds obtained from a persimmon cultivar 'Zenjimaru' (Diospyros kaki) from April 5 to 17, 2017 (Two weeks before the crucial second morphological stage, when the inappropriate sex organs have been arrested). In addition, we selected the crucial genes regulating persimmon sex differentiation based on transcriptome sequencing, some of which may be related to the regulation of PCD. Thus, the expression patterns of these genes were determined by real-time quantitative polymerase chain reaction (RT-qPCR) analysis to uncover the molecular regulatory mechanism of PCD and sex differentiation. This study improves our understanding of these processes and may be relevant for transforming unisexual flowers into the hermaphrodite type via artificial interference of PCD.
Materials and Methods

Plant Materials
Male and female floral buds were collected from three 10-year-old monoecious D. kaki 'Zenjimaru' in Yuanyang County, Henan Province, China (34 • 55 30"-34 • 56 45" N, 113 • 46 24"-113 • 47 59" E). Approximately 20 male and female floral buds were randomly collected every 2 days from April 5, 2017 (carpel primordium and anther primordium at an early development stage just after their occurrence) to April 17, 2017 (when inappropriate sexual primordia were arrested to form unisexual flowers) [6] . After collection, half of the samples at various dates were fixed in FAA (formaldehyde: glacial acetic acid: 70% ethanol = 1:1:16, v/v), and the others were quickly frozen in liquid nitrogen and stored at −80 • C until RNA extraction.
Hematoxylin and Eosin (H&E) Staining
The samples were fixed in FAA for 24 h and dehydrated in a graded ethanol series. Then, the plant materials were embedded in paraffin from 40 • C to 60 • C at a rate of increase of 3 • C every 15 min, followed by laying in paraffin three times at 60 • C each for 2 h. Sections (8-12 µm thick) were sliced with a Leica RM2265 microtome (Leica, Nussloch, Germany), and then mounted on clean glass slides. The sections were deparaffinized and rehydrated in a graded xylol and ethanol series and stained with hematoxylin overnight. After being stained with 1% eosin for 20 s, the sections dehydrated in a graded ethanol and xylol series. Finally, the microslides were dried and mounted with cover slips, and the stained sections were observed and photographed with a light microscope (Olympus, Tokyo, Japan).
Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling (TUNEL) Assay
PCD was detected using a TUNEL assay kit (cat. no. 11684817910; Roche, Mannheim, Germany) in accordance with the manufacturer's protocol. Briefly, paraffin sections were washed twice with phosphate buffered saline (PBS; pH = 7.4) for 10 min, then covered with proteinase K at 37 • C for 30 min. A sequencing solution was added to the tissues for 20 min at room temperature, and the paraffin sections were washed three times with PBS for 5 min each time. TdT and dUTP (ratio: 1:2) were added to the microslides. The paraffin-sectioned tissues were incubated under humid conditions for 1 h at 37 • C, while the positive control was treated with DNase prior to the TUNEL assay, and the negative control was just a dUTP solution. The tissues were stained with DAPI and kept in the dark for 10 min. Then, the microslides were washed and finally mounted with anti-fluorescence quenching sealant. The stained sections were observed and photographed with an inverted fluorescence microscope (Nikon, Tokyo, Japan) equipped with a digital camera (Nikon, Tokyo, Japan).
Immunohistochemistry (IHC) Assay
Paraffin sections were used to detect the expression of cyt-c using cyt-c antibody at a 1:2000 dilution. Briefly, all sections were pretreated with citrate buffer (pH = 6.0) in a microwave oven, then washed three times in PBS. The sections were placed in a 3% hydrogen peroxide solution in the dark for 25 min to block endogenous peroxidase, and then incubated in 3% bovine serum albumin solution for 30 min at room temperature and incubated with primary antibodies overnight at 4 • C under humid conditions, while the negative control was incubated in PBS. After washing, the paraffin sections were incubated with secondary antibody for 50 min at room temperature. The paraffin sections were washed three times in PBS for 5 min each and then incubated in a diaminobenzidine solution. Thereafter, the slides were counterstained with hematoxylin for 3 min followed by incubation in a graded xylol and ethanol series. The slides were cover-slipped, and stained tissues were observed and photographed with a light microscope (COIC, Chongqing, China).
Transmission Electron Microscopy (TEM) Observation
Floral buds on April 14, 2017 were collected and fixed for 2 h at room temperature in electron microscope fixative (Servicebio, Wuhan, China). After three washes with phosphate buffer (PB; pH = 7.4) for 15 min each, samples were post-fixed for 5 h at room temperature in 1% O s O 4 prepared in PBS. Fixed samples were washed three times with PBS, dehydrated in a graded acetone and ethanol series for 1 h each, and embedded in epoxy resin embedding medium. Ultrathin sections (60-80 nm) of stamen and carpel were then prepared using an ultramicrotome (Leica, Nussloch, Germany), stained with uranyl acetate and lead citrate for 15 min each. Finally, the samples were dried overnight, and the stained sections were observed and photographed with a transmission electron microscope (Hitachi, Tokyo, Japan).
Real-Time Quantitative Polymerase Chain Reaction
We have compared the transcriptome sequences between male and female floral buds obtained on April 13, 2016 from a same 'Zenjimaru' tree, the raw short reads were available in the NCBI SRA database under the accession number: SRP151715. According to which [21] , eight genes significantly different expressed between male and female floral buds and related to the regulation of PCD were selected to determine the expression pattern during the period from April 5 to 17, 2017 in this study. These genes were male growth inhibitor gene in Diospyros (MeGI), BAG family molecular chaperone regulator 5 (BAG5), apoptosis-inducing factor homolog A (AifA), heat shock protein 70 (HSP70), metacaspase-9 (AMC9), cell division control protein 2 homolog (CDC2), Diospyros digyna MADS-domain transcription factor (GLO), and agamous like 1 (AGL1). Among which, MeGI is specific in Diospyros, BAG5 is a stress-inducible gene, AifA, HSP70, AMC9, and CDC2 are genes involving the formation of PCD in plants, GLO is a MADS-box family gene regulating flower organ development, and AGL1 promotes the formation of gynoecium ( Table 2 ). Specific primers that corresponded to the conserved region of each gene were designed in the sequenced database (Table 3) . Promoting the development of ovule and the formation of gynoecium [29] Programmed cell death (PCD). Table 3 . Sequences of primers used to study programmed cell death (PCD)-related genes.
Gene ID (Homologous Gene) Forward Primer Sequence (5 -3 ) Reverse Primer Sequence (5 -3 ) Product Size (bp)
GAPDH (reference gene) AGCTCTTCCACCTCTCCAGT TGCTAGCTGCACAACCAACT 157
AifA (c86489_g1) GTAACCTTTCACCCTCAA CTATCAGAGCCGATTGTAT 137
Total RNA was isolated from the organs using EZ-10 DNAaway RNA Miniprep Kits (Sangon Biotechnology Co., Shanghai, China) according to the manufacturer's instructions. First-strand cDNA was synthesized with a TRUEscript 1st Strand cDNA Synthesis Kit (Kemix, Beijing, China) and the RT-qPCR assays were performed with SYBR Green Dye (Kemix) using a Bio-Rad CFX96 RT-PCR platform (Bio-Rad Laboratories, Hercules, CA, USA) with the following cycle conditions: 94 • C for 2 min, followed by 40 cycles of 94 • C for 20 s, 55 • C for 20 s, and 72 • C for 30 s. For each measurement, independent standard curves were constructed and three replications of mixed male/female samples at five time points were analyzed. The mean Ct of three replications was used. The 2 − Ct method was applied to calculate the RNA transcript fold-changes, and GAPDH served as the internal control.
Statistical Analysis
Statistical analyses were performed using SPSS Statistics 20.0 for Windows software (SPSS, Inc., Chicago, IL, USA). The expression levels of the genes in the male and female floral buds at different developmental stages were analyzed by one-way analysis of variance (ANOVA). If differences among Agronomy 2020, 10, 234 8 of 22 developmental stages were detected, Tukey's multiple comparison test was applied to compare the means. A significance level of P < 0.05 was used for the analyses. Because the main point of interest was the difference between male and female floral buds at each stage, we measured the difference in gene levels between male and female floral buds at each developmental stage using an independent sample test. A significance level of P < 0.05 was used for the analyses.
Results
Hematoxylin and eosin (H&E) Assay
Carpel was observed in male floral buds collected in early April with an increase in air temperature, which was called the carpel primordium differentiation phase (Figure 3a ; samples collected on April 5, 2017) . After all male organs appeared, anthers emerged from the apical meristem of the stamen primordium, and the carpel primordium elongated slightly (Figure 3b ; samples collected on April 8, 2017) . After the anther primordium appeared, the stamen primordium developed further at the base, which formed the filament and pollen sac, while the carpel primordium continued to develop ( Figure 3c ; samples collected on April 11, 2017) . Numerous microsporocytes with rich cytoplasm developed from the anther sporogonium, but the carpel primordium presented conspicuous changes closely related to PCD (cytoplasm shrinkage, chromatin condensation, and karyorrhexis) ( Figure 3d The carpel in female floral buds were identifiable in early April with an increase in air temperature, which was called the carpel primordium differentiation phase (Figure 4a ; samples collected on April 5, 2017). Subsequent to differentiation of the carpel primordium, the carpel 
TUNEL Assay
Although stained-dead cells were present during the carpel primordium differentiation stage (Figure 5a ; samples collected on April 5, 2017) and the anther primordium differentiation stage (Figure 5b ; samples collected on April 8, 2017) of male floral buds, the pistil primordium grew normally. Sections from Figure 5c exhibited a substantially higher proportion of dead cells in the pistil primordium than the first two stages, and positive staining of dead carpel cells were represented by a green color, while blue-stained were non-PCD (Figure 5d ; samples collected on April 11, 2017). Green staining was also observed from the microsporocyte stage of April 14, 2017, the pistil primordium showed a stronger positive staining reaction and more signs of dead cell changes in the region comparable to the previous stage ( Figure 5e ). The anther primordium was visible to the naked eye at the stage of April 17, 2017, whereas the dead cells of the pistil primordium were almost invisible ( Figure 5f ).
( Figure 5b ; samples collected on April 8, 2017) of male floral buds, the pistil primordium grew normally. Sections from Figure 5c exhibited a substantially higher proportion of dead cells in the pistil primordium than the first two stages, and positive staining of dead carpel cells were represented by a green color, while blue-stained were non-PCD ( Figure 5d ; samples collected on April 11, 2017) . Green staining was also observed from the microsporocyte stage of April 14, 2017, the pistil primordium showed a stronger positive staining reaction and more signs of dead cell changes in the region comparable to the previous stage ( Figure 5e ). The anther primordium was visible to the naked eye at the stage of April 17, 2017, whereas the dead cells of the pistil primordium were almost invisible (Figure 5f ). As shown in Figure 6 , there were no distinguishable differences between the carpel primordium differentiation stage (Figure 6a,b ; samples collected on April 5 and 8, 2017) and the ovule primordium differentiation stage (Figure 6c ; samples collected on April 11, 2017) of female floral bud in terms of the areas of dead cells in the stamen primordium. However, the sections of the samples collected on April 14, 2017 showed more dead cells in the stamen primordium than the stages described above (Figure 6d ). The arrows in Figure 6e pointed to strong positive staining for dead cells of the stamen primordium based on the green-colored nuclei. Although stained dead cells remained detectable at the stage of April 17, 2017, the stamen primordium had already aborted (Figure 6f ). differentiation stage (Figure 6c ; samples collected on April 11, 2017) of female floral bud in terms of the areas of dead cells in the stamen primordium. However, the sections of the samples collected on April 14, 2017 showed more dead cells in the stamen primordium than the stages described above (Figure 6d ). The arrows in Figure 6e pointed to strong positive staining for dead cells of the stamen primordium based on the green-colored nuclei. Although stained dead cells remained detectable at the stage of April 17, 2017, the stamen primordium had already aborted (Figure 6f ). 
IHC Assay
A substantial increase in immunoreactive expression for cyt-c was observed, with a brown-labeled cytoplasm and nucleus in the pistil primordium during the early phase of male floral bud differentiation (Figure 7a -c; samples collected on April 5-11, 2017). Indeed, the level of PCD markers (active cyt-c) in the pistil primordium reached a peak at the microsporocyte stage of April 14, 2017 with several focal sites of greatest expression ( Figure 7d) . Prominent cyt-c expression was visible in Figure 7e with noticeable brown-stained cytoplasm and chromatin, indicating remarkable subsets of dead cells in the pistil. Positive immunoreactions were present in the pistil primordium cells at the stage of April 17, 2017, but fewer than the stages described above (Figure 7f ).
A substantial increase in immunoreactive expression for cyt-c was observed, with a brownlabeled cytoplasm and nucleus in the pistil primordium during the early phase of male floral bud differentiation (Figure 7a -c; samples collected on April 5-11, 2017) . Indeed, the level of PCD markers (active cyt-c) in the pistil primordium reached a peak at the microsporocyte stage of April 14, 2017 with several focal sites of greatest expression ( Figure 7d ). Prominent cyt-c expression was visible in Figure 7e with noticeable brown-stained cytoplasm and chromatin, indicating remarkable subsets of dead cells in the pistil. Positive immunoreactions were present in the pistil primordium cells at the stage of April 17, 2017, but fewer than the stages described above (Figure 7f ). The results showed no cell damage in the stamen primordium of female flower buds in our sections at the carpel primordium differentiation stage (Figure 8a ; samples collected on April 5, 2017). Plant cell death appeared in the stamen primordium with very occasional weak nuclear and cytoplasmic foci expressing cyt-c (Figure 8b ; samples collected on April 8, 2017). The stamen primordium in tissues harvested on April 11, 2017 in Figure 8c exhibited positively cyt-c immunostaining in the cytoplasm and nucleus. The strongest cytoplasmic cyt-c expression emerged in the stamen primordium at the internal and external integument and macrosporocyte stage in tissues harvested on April 14, 2017, confirming that this was the critical time for the arrest of the male organs in female flowers (Figure 8d,e ). Weak positive IHC signals for cyt-c protein were detected in cells originating from the stamen primordium at the stage of April 17, 2017 (Figure 8f ).
The results showed no cell damage in the stamen primordium of female flower buds in our sections at the carpel primordium differentiation stage (Figure 8a ; samples collected on April 5, 2017) . Plant cell death appeared in the stamen primordium with very occasional weak nuclear and cytoplasmic foci expressing cyt-c (Figure 8b ; samples collected on April 8, 2017) . The stamen primordium in tissues harvested on April 11, 2017 in Figure 8c exhibited positively cyt-c immunostaining in the cytoplasm and nucleus. The strongest cytoplasmic cyt-c expression emerged in the stamen primordium at the internal and external integument and macrosporocyte stage in tissues harvested on April 14, 2017, confirming that this was the critical time for the arrest of the male organs in female flowers (Figure 8d,e ). Weak positive IHC signals for cyt-c protein were detected in cells originating from the stamen primordium at the stage of April 17, 2017 (Figure 8f ). 
TEM Observation
To further confirm the occurrence of dead cells in inappropriate sex organs, we compared the ultrastructures of cells in carpel and stamen from both male and female floral buds collected on April 14, (Figure 9a ), whereas the presence of flocculated cytoplasm condensation (showed by arrow I), nucleoli segmentation (showed by arrow II), and in some examples, engulfment of the cytoplasm by lytic vacuoles (showed by arrow III), were evident in the cells from the arrested carpel (Figure 9b ).
ultrastructures of cells in carpel and stamen from both male and female floral buds collected on April 14, 2017. Ultrastructural observation of the cells in the stamen from male flowers reveals the normal development of cell nucleus, cytoplasm, and vacuole (Figure 9a ), whereas the presence of flocculated cytoplasm condensation (showed by arrow I), nucleoli segmentation (showed by arrow II), and in some examples, engulfment of the cytoplasm by lytic vacuoles (showed by arrow III), were evident in the cells from the arrested carpel (Figure 9b) . Figure 9c shows that the carpel in female flowers was in a normal developmental condition with functional organelles (cell nucleus, cytoplasm, and vacuole), while the cellular contents in the arrested stamen were degenerated, and the cytoplasm as well as chromatin were shrinkaged (showed by arrows I and II) (Figure 9d ). Other morphological events in the cells from the arrested stamen, including decrease in the volume of the cytoplasm and increase in the volume of vacuole, were also observed (Figure 9d ). Figure 9c shows that the carpel in female flowers was in a normal developmental condition with functional organelles (cell nucleus, cytoplasm, and vacuole), while the cellular contents in the arrested stamen were degenerated, and the cytoplasm as well as chromatin were shrinkaged (showed by arrows I and II) (Figure 9d ). Other morphological events in the cells from the arrested stamen, including decrease in the volume of the cytoplasm and increase in the volume of vacuole, were also observed (Figure 9d ).
Abortion of Male Floral Organs
The relative expression of gene c100711_g1, homologous to MeGI, generally declined in male floral buds, except for a slight increase on April 11, 2017, with a level approximately 96.4% of that on April 5, 2017. However, a continuous increase in female flower buds exhibited from April 8 to 14, 2017, which resulted in the gene c100711_g1 expression level on April 14, 2017 that was dozens of times higher than that on April 5, 2017 (Figure 10a ). A slight change in the gene c115962_g1, homologous to BAG5, was detected from April 5 to 17, 2017 in male flower buds, but it was not particularly noticeable. Peak c115962_g1 expression in the female flower buds occurred on April 14, 2017, which was a 17.0-fold increase above the other stages. Then, it was downregulated on April 17, 2017 and showed a similar expression level to that observed at the initial stage on April 5, 2017 (Figure 10b ). The RT-qPCR relative expression pattern for gene c86489_g1, homologous to AifA, shown in the male floral buds was comparable to that in the female buds, except that the gene c86489_g1 levels in the female floral buds increased and decreased more sharply than those in the male floral buds (Figure 10c ). There was a sharp increase in the gene c104934_g1, homologous to HSP70, in male floral buds from April 11 to 17, 2017, which resulted in a relative two-fold greater gene expression on April 17, 2017 than that on April 11, 2017. The gene in the female floral buds increased approximately 58.5 times on April 14, 2017 from that on April 5, 2017, then declined sharply on April 17, 2017 (Figure 10d ). times higher than that on April 5, 2017 (Figure 10a ). A slight change in the gene c115962_g1, homologous to BAG5, was detected from April 5 to 17, 2017 in male flower buds, but it was not particularly noticeable. Peak c115962_g1 expression in the female flower buds occurred on April 14, 2017, which was a 17.0-fold increase above the other stages. Then, it was downregulated on April 17, 2017 and showed a similar expression level to that observed at the initial stage on April 5, 2017 ( Figure  10b ). The RT-qPCR relative expression pattern for gene c86489_g1, homologous to AifA, shown in the male floral buds was comparable to that in the female buds, except that the gene c86489_g1 levels in the female floral buds increased and decreased more sharply than those in the male floral buds (Figure 10c ). There was a sharp increase in the gene c104934_g1, homologous to HSP70, in male floral buds from April 11 to 17, 2017, which resulted in a relative two-fold greater gene expression on April 17, 2017 than that on April 11, 2017. The gene in the female floral buds increased approximately 58.5 times on April 14, 2017 from that on April 5, 2017, then declined sharply on April 17, 2017 ( Figure  10d ).
Taken together, the genes homologous to MeGI, BAG5, AifA, and HSP70 in female floral buds were remarkably higher than those in male floral buds from April 8 to 17, 2017, particularly during the crucial stage on April 14, 2017 (approximately 4.6-, 31.8-, 4.8-, and 48.1-fold of the expression levels of the genes homologous to MeGI, BAG5, AifA, and HSP70 in female floral buds than those in male floral buds, respectively), suggesting that relatively high levels of these genes might be closely correlated with arrest of male primordium during differentiation of female floral buds. Taken together, the genes homologous to MeGI, BAG5, AifA, and HSP70 in female floral buds were remarkably higher than those in male floral buds from April 8 to 17, 2017, particularly during the crucial stage on April 14, 2017 (approximately 4.6-, 31.8-, 4.8-, and 48.1-fold of the expression levels of the genes homologous to MeGI, BAG5, AifA, and HSP70 in female floral buds than those in male floral buds, respectively), suggesting that relatively high levels of these genes might be closely correlated with arrest of male primordium during differentiation of female floral buds.
Abortion of Female Floral Organs
The gene c109216_g1, homologous to AMC9, in male floral buds was enhanced from April 11 to 14, 2017, and then decreased, which resulted in the highest relative expression on April 14, 2017 compared with the other sampling dates. Expression of the gene c109216_g1 in the female floral buds increased from April 5 to 8, 2017 and was sharply downregulated from April 8 to 17, 2017, resulting in relative gene expression on April 17, 2017 that was approximately 1.1 times greater than that on April 5, 2017. Briefly, the gene c109216_g1 levels in the female floral buds on April 5, 14, and 17, 2017 were approximately 52. 2, 30.4, and 38 .5%, respectively, of those in male flowers. It is likely that the arrest of pistil primordium during differentiation resulted from upregulation of the gene homologous to AMC9 during the April 14, 2017 critical period (Figure 11a ).
were approximately 52. 2, 30.4, and 38 .5%, respectively, of those in male flowers. It is likely that the arrest of pistil primordium during differentiation resulted from upregulation of the gene homologous to AMC9 during the April 14, 2017 critical period (Figure 11a) .
Strikingly, a similar discernible pattern of the genes homologous to CDC2, GLO, and AGL1 was found in male floral buds, for these genes increased markedly from April 5 to 17, 2017, except for a slight decline of the genes homologous to GLO and AGL1 on April 11, 2017, leading to a peak on April 17, 2017 that was approximately 14.5, 4.0, and 8.5 times as much as that on April 5, 2017, respectively. Moreover, the genes homologous to CDC2, GLO, and AGL1 in male floral buds among all the stages were significantly higher than that in female floral buds, particularly on April 17, 2017, when there were approximately 20.6-, 7.2-, and 6.3-fold higher expression levels in male floral buds than in female buds, respectively. Overall, these results show that high levels of these genes may have promoted the differentiation of male floral buds (Figure 11b-d) . Strikingly, a similar discernible pattern of the genes homologous to CDC2, GLO, and AGL1 was found in male floral buds, for these genes increased markedly from April 5 to 17, 2017, except for a slight decline of the genes homologous to GLO and AGL1 on April 11, 2017, leading to a peak on April 17, 2017 that was approximately 14.5, 4.0, and 8.5 times as much as that on April 5, 2017, respectively. Moreover, the genes homologous to CDC2, GLO, and AGL1 in male floral buds among all the stages were significantly higher than that in female floral buds, particularly on April 17, 2017, when there were approximately 20.6-, 7.2-, and 6.3-fold higher expression levels in male floral buds than in female buds, respectively. Overall, these results show that high levels of these genes may have promoted the differentiation of male floral buds (Figure 11b-d ).
Discussion
PCD is a normal physiological process that plays an important role in growth and development. A large body of evidence has been established for animal PCD, while the molecular mechanisms of PCD remain to be explored in plants [30] . In this study, several microscopic methods were used to test for the occurrence of PCD during the arrest period of the stamen or carpel primordium in persimmon female or male buds, respectively. Among which, H&E staining is a cytologically recognizable and morphological assay that can detect PCD based on cellular morphology. Decrease in the volume of the cytoplasm, shrinkage of the cytoplasm and nucleus, and DNA fragmentation are the main signs of PCD [31] . The TUNEL assay combines molecular biology with morphology to detect DNA damage in situ, which is considered to be more objective for PCD, particularly in its early stages. Dead cells are stained completely with green fluorescence, while the normal cells are blue fluorescence [19] . In addition, mitochondrial signaling pathway is important in PCD, in which cyt-c plays a pivotal role in inducing PCD and in electron transfer in the mitochondrial respiratory chain [32] [33] [34] . It has been demonstrated that maize (Zea mays) cells induced by Agrobacterium tumefaciens performed typical apoptosis-like features, such as cytochrome c release and DNA fragmentation [35] . Thus, IHC assay making full use of the principle of antigen and antibody for positioning and semi-quantitative research of the key enzymes, was conducted to elucidate the PCD process in inappropriate sex organs. Dead cells are stained with brown, while the normal cells are blue.
Conclusion description in results of H&E, TUNEL, and IHC assays indicated that PCD strongly accumulated in inappropriate sex organs on April 14, 2017 during the microsporocyte and macrosporocyte period of male and female floral buds, respectively. In addition to that mentioned above, a TEM method was used to observe the features of cell death morphology more clearly, and the signs of the condensation of the cytoplasm and chromatin, engulfment of the cytoplasm by lytic vacuoles, volume changes of the cytoplasm and vacuole, as well as the nucleoli fragmentation all demonstrated the occurrence of dead cells in arrested carpel and stamen in male and female flowers collected on April 14, 2017, respectively. Our systematic morphogenetic analysis of arrest of inappropriate organs during male and female flower development was coincidental with that of Bai et al. (2004) [36] . The results provide some potentially useful information in the unisexual flower formation of persimmon.
In this present study, we found that the abortion of inappropriate sex organs at critical time points, which related to PCD, resulted in unisexual flowers. Thus, it is possible to control the sexual types of persimmon flowers by the regulation of PCD. This hypothesis was supported by a report in which the application of zebularine, a DNA demethylation agent, promoted pistil development in male flowers and induced a sexual transformation from male flowers to semihermaphroditic flowers in a D. kaki cultivar of Zenjimaru [5] . If more unisexual persimmon flowers will be transformed to hermaphroditic flowers artificially in the future, the original female flowers will become pollen donors, and the original male flowers will become pollen receptors, which will be helpful for the controlled pollination experiments.
Sufficient biological duplication, as well as necessary positive and negative controls, were used to ensure the accuracy and reliability of our results. Nonetheless, the growth of plant organs is mainly driven by the disappearance of old cells and continuous generation of new cells. As a result, there is no doubt that PCD occurs during normal growth and development in plants. For instance, a cracked anther is needed to ensure pollen transmission after flowering, during which PCD is observed in the septum parenchymal and epidermal cells adjacent to the cracks [37] . PCD also occurs in the conductive tissues around the pollen tube of the pistil during growth and development [38] . Death of part of the megaspore represents a type of PCD that occurs in seed plants and is influenced by genetic control [39] . Although PCD in inappropriate sexual organs was our research priority, it was inevitable for PCD to occur in the stamen primordium of the male flowers and the pistil primordium of the female flowers at the microsporocyte and macrosporocyte stages, as well as the comparable staining in petal primordium as stamen or carpel in our investigation according to the analysis described above.
The methylation level of MeGI in polyploid persimmon determines sex differentiation of flowers, and high expression levels produce female-biased buds [5] . BAG5 is a well-known BAG family member and a stress-inducible gene. Knockdown of BAG5 causes cell death, decreases cell viability, and exacerbates cleavage of PCD-related genes [22, 23] . AIF is confined to the mitochondria and is proposed to be involved in chromatin condensation as well as the formation of large-scale DNA fragmentation [24, 25] . We determined that the relative expression levels of the genes homologous to MeGI, BAG5, and AifA were consistent in female floral buds, and that all gene expression levels increased to a peak from April 5 to 14, 2017, and then declined toward the end of sampling. The levels of these genes in the male floral buds decreased or slightly increased, suggesting that the accumulation of genes homologous to MeGI, BAG5, and AifA might be part of the mechanism controlling the arrest of stamen primordium. Furthermore, considering the suggestion of Chen et al. (2009) [12] that the expression of the HSP70 gene apparently increased under high salt stress while the degree of PCD decreased, we presumed that the HSP70 gene may act as a potential regulator of PCD. Contradictory with the results described above, the gene homologous to HSP70 seemed to induce inappropriate stamen arrest, as the expression levels in the female floral buds exhibited peaks during the critical April 14, 2017 period.
According to Tanimoto et al. (2005) [40] , cyt-c interacts with caspase-9 to form the apoptosome, leading to PCD in animals. Although to date no caspases have been identified in plants, metacaspases, which have the caspase domain and are involved in the regulation of PCD, are proved to be caspase-like proteins and functionally resemble animal caspases [26, 41, 42] . The mRNA expression levels of type II metacaspase (LeMCA1) are upregulated in Botrytis cinerea-induced PCD in Lycopersicon esculentum [43] . In another study, metacaspase in yeast was effective for activating the downstream genes that exhibit caspase activity, thereby leading to PCD under oxidative stress [44] . Our results were in accordance with reports that the gene homologous to AMC9 reached its peak in male floral buds at the crucial stage of April 14, 2017, but consistently deceased among all stages in female floral buds, demonstrating that a high level of gene homologous to AMC9 may be required for PCD in pistil primordium.
In animal systems, PCD is synonymous with apoptosis, which is synthesis of the morphological and biochemical features including chromatin condensation, cytoplasm shrinkage, DNA and nuclear fragmentation, and formation of apoptotic bodies [42] . Although several morphological similarities of PCD in plant cells are similar to that of animal cells, the terminology of 'apoptosis' is not justified in plants for apoptotic bodies as well as phagocytic cells are absent in plant, due to the presence of the cell wall [19, 45] . Moreover, plants do not have caspases, which is one of the most critical elements identified as a molecular marker in apoptosis and cell proliferation in animals, and the closest structural homologs to animal caspases is the plant metacaspases [41] . As a result, adequate choices of analytical methods are necessary to correctly diagnose the occurrence of PCD. Additionally, we encourage the use of quantification of cell death along with necessary statistical methods to demonstrate the accuracy of the experiment.
Conclusions
This study systematically assessed the process and critical point of PCD in persimmon floral organs for the first time and analyzed the expression of genes associated with PCD. In conclusion, surprisingly large areas of dead cells in the pistil primordium of the male flowers and the stamen primordium of the female flowers synchronously reached a peak at the microsporocyte and macrosporocyte period respectively, which may explain the abortion of inappropriate sex organs, leading to unisexual flowers. Interestingly, PCD occurred along with the arrest of the inappropriate sexual organs in our investigation, which we observed in the normal flower organs along with the inappropriate sexual organs, demonstrating that PCD is a part of the floral development process in persimmon. The present study showed that high levels of the gene homologous to AMC9 during the microsporocyte period in male floral buds was positively correlated with arrest of carpel primordium. High levels of the genes homologous to MeGI, BAG5, AifA, and HSP70 that occurred during the macrosporocyte period may accelerate the arrest of stamen primordium during differentiation, leading to female unisexual flowers ( Figure 12 ). The present research helps clarify plant sexual differentiation and provides reference for controlling the sex type of persimmon flowers artificially by regulating the occurrence of PCD with exogenous hormones or other methods. Moreover, future investigations and high-sensitivity and -specificity detection methods are needed to deeply elucidate the process of PCD, as well as the link between PCD and the candidate genes in persimmon. differentiation, leading to female unisexual flowers ( Figure 12 ). The present research helps clarify plant sexual differentiation and provides reference for controlling the sex type of persimmon flowers artificially by regulating the occurrence of PCD with exogenous hormones or other methods. Moreover, future investigations and high-sensitivity and -specificity detection methods are needed to deeply elucidate the process of PCD, as well as the link between PCD and the candidate genes in persimmon. 
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